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Calcium Accumulation and Enzymatic Activities of Subcellular Fractions from Aortas and Ventricles of Genetically Hypertensive Rats
JIANN-WU WEI, P H . D . , RONALD A. JANIS, P H . D . , AND EDWIN E. DANIEL, P H . D .
SUMMARY Subcellular fractions were obtained from aortas and ventricles of 6-roonth-otd spontaneously hypertensive and normotensive Wistar rits by the use of differential and sucrose density gradient centrifugation. These preparations were studied to determine what alterations in calcium accumulation and enzymatic activities might be associated with hypertension. The total amount of calcium accumulation (in the presence of ATP and 17 n» free calcium) by the plasma membraae-enriched fraction from hypertensive rat aortas was significantly less than that from normotensive rats ( I U ± 0.4 vs. 16.2 ± 1.6 ^moJ of calciom/g of protein, n -8). In contrast the specific activities of the plasma membrane marker enzymes, 5-mideotrdase and phosphodiesterase I, were 80% and 40% greater, respectively, in the hypertensive than in the normotensive fractions. On the other hand, various fractions from ventricles of the two types of rats were generally similar in enzyme activities and calcium accumulation. The decreased rate of relaxation of aortas from spontaneously hypertensive rats may be caused by the decreased rate of calcium transport demonstrated in this study.
MANY CHANGES in the reactivity of vascular smooth muscle in hypertensive animals and man have been reported but little information is available concerning the possible underlying biochemical mechanisms. 1 '' Since intracellular calcium activity is an important determinant of smooth muscle contractile state, an alteration in calcium regulation is a plausible cause of supersensitivity of strips of arteries from hypertensive animals to excitatory agents. 1 "' Indeed, it has been suggested that increased sensitivity to potassium and norepinephrine, and decreased rate of relaxation of aortas from 6-month-old spontaneously hypertensive rats (SHR) may be due to decreased calcium extrusion by the cell membrane." In the present investigation we tested this VOL. 39, No. 1, JULY 1976 hypothesis by isolating subcellular fractions from these aortas and studying their calcium transporting properties. Although the aorta is not a resistance vessel, there is some evidence that similar changes in ionic composition and weight occur in both large and small vessels of hypertensive animals'-' and alterations in contractile reactivity have been reported for both mesenteric 7 -' and femoral artery* as well as aorta'-10 from SHR. Cardiac muscle of SHR also exhibits several changes in contractile activity and morphology associated with the development of hypertension,"-" and sarcoplasmic reticulum from hypertrophied hearts has been reported to exhibit decreased calcium binding." Furthermore, Shibata et al. 10 and Fujiwara et al. 12 have suggested that alterations of contractile responses of both heart and aorta of SHR are due to inherent differences in the musculature rather than to secondary changes caused by hypertension. Therefore, we also compared the calcium accumulation characteristics of subcellular fractions from hearts of SHR and normotensive rats.
Methods

ANIMALS AND TISSUE PREPARATIONS
Male spontaneously hypertensive Wistar rats of the Okamoto and Aoki strain 1 * and Wistar normotensive rats were 5-6 months of age and received a standard diet and tap water. Systolic blood pressure was recorded from the tail of prewarmed, unanesthetized rats by tail plethysmograph using an electrosphygmomanometer and a Physiograph Four-A (E and M Instrument Co., Houston). The rats were killed by a blow on the head, and their beating hearts and aortas were rapidly removed and placed in ice-cold 8% sucrose, 40 mM histidine buffer at pH 7.0 (the pH was adjusted with HC1; this buffer was used for all procedures unless otherwise stated). Ventricles were freed of blood clots and atrial tissue and sliced into 1-to 3-mm sections with scissors; these slices were washed several times with buffer to remove blood. All operations were carried out at 4°C unless otherwise stated.
The methods used for the isolation of plasma membraneenriched fractions are similar to those previously developed in this laboratory for isolating these fractions from rat heart and myometrium."-" Slices of ventricle (3 g) were homogenized in 6 vol of buffer using a Polytron PT20 (Kinematic G.m.b.H.) for 5 seconds (repeated once) at 15,000 rpm. The homogenate was centrifuged at 1,000 g [average (avg)] for 10 minutes to remove whole cells, nuclei, connective tissue and contractile elements; this step yields the 1,000 g supernatant fraction which was the starting material for both the mitochondrial and density gradient fractions. Mitochondria were prepared from ventricles by centrifuging the above supernatant for 10 minutes at 10,000 g (avg) to yield the crude mitochondrial pellet and the 10,000 g supernatant. The pellet was gently homogenized in sucrosehistidine buffer and centrifuged at 1,000 g (avg) for 10 minutes. The supernatant fraction was centrifuged at 10,000 g (avg) for 10 minutes and the pellet was washed and resuspended in buffer; this centrifugation was repeated and the final pellet was resuspended in buffer to yield a uniform suspension containing 0.4-1 mg protein/ml. Teflon-glass homogenizers were used for suspending all pellets.
The supernatant fraction from the first 10,000 # centrifugation was spun at 113,000 g (avg) for 30 minutes to yield a crude microsomal fraction which was suspended in 3 ml of 8% sucrose-40mM histidine buffer and carefully laid on a sucrose gradient containing (from bottom to top) 4 ml of 45.0% sucrose and 3 ml each of 33.0% and 28.0% sucrose. The sucrose concentrations were measured with a refractometer. After centrifugation at 112,000 g (avg) for 120 minutes, protein bands were carefully removed from the gradient tube using Pasteur pipettes. These bands were diluted with buffer and deionized distilled water to yield a final sucrose concentration of 8%. The suspension was centrifuged at 102,000 g (avg) for 30 minutes to yield the final pellets which were used to prepare uniform suspensions of 0.2-1 mg protein/ml. Cardiac sarcoplasmic reticulum was prepared by homogenizing ventricular muscle in 10 mM sodium bicarbonate and 5 mM sodium azide buffer as described by Entman and co-workers," except that the final pellet was suspended in sucrose-histidine buffer. The method includes an extraction with 0.6 M KC1.
A plasma membrane-enriched fraction from aorta was isolated by a procedure similar to that used above for isolating this fraction from ventricle. Aortas from 12 rats were cleaned of loosely bound fat and connective tissue and homogenized (1.2-1.4 g of tissue) in 25 ml of sucrose-histidine buffer for 10 seconds (twice) at 15,000 rpm using a Polytron PT 20. The remainder of the procedure (including the sucrose gradient used) was the same as described above for ventricle fractions except that the last 10-minute centrifugation at 10,000 g was omitted. Attempts to obtain mitochondria by the procedure used for ventricle did not result in a significant yield of protein.
ENZYMATIC DETERMINATIONS AND ELECTRON MICROSCOPY
Phosphodiesterase I , " 5'-nucleotidase, cytochrome c oxidase, phosphate, and protein were determined as previously described." Ouabain-sensitive, K + -stimulated phosphatase was assayed" using a pH of 7.4 and I mM ouabain. ATPases were determined under the same conditions as calcium accumulation in the presence of 1 /JM free calcium [including the same ethylene glycol bis(#-aminoethyl ether)-iV,/V'-tetraacetic acid (EGTA) concentration] except that calcium was omitted in measuring Mg I+ -ATPase. This resulted in a free Ca 2+ concentration of less than 0.01 ^M. Ca 2+ -ATPase was measured as Ca 2+ plus Mg 2+ -ATPase minus Mg 2+ -ATPase.
Pellets were fixed in 2.5% glutaraldehyde buffer (pH 7.1), postfixed in OsO, and embedded in Epon. Sections were stained with uranyl acetate and lead citrate, and photographed on a JEM 7A electron microscope.
MEASUREMENT OF CALCIUM ACCUMULATION
Calcium accumulation* was measured by the Millipore filtration technique" using "Ca and liquid scintillation • "Calcium accumulation" is used as an operational term for all the processes involved in association of calcium with vesicles whether by binding or by transport across the vesicle membrane.
counting. The reaction mixture contained: 100 mM KC1, 5 mM MgCI,; 0.1 mM CaCl,, labeled with 0.4 ^Ci/ml "Ca; 40 mM imidazole (to buffer the solution to pH 7.0); and 10-50 /ig of protein per final ml of reaction mixture (depending on the fraction used and other additions to the reaction mixture). Where indicated in the text, 5 mM disodium ATP, sodium azide, or potassium oxalate were added. Variable amounts of EGTA were added to obtain calcium concentrations less than 17 jiM. Calculation of the amount of EGTA to be added was according to the equations, 10 and association constants" previously published. Calcium accumulation always was studied simultaneously on freshly prepared fractions from both types of rat. Prior to use, all filters (diameter = 25 mm, pore size -0.45 ^m; Matheson-Higgins Co.) were washed with 10 ml of 100 mM KC1 solution followed by 10 ml of sucrose-imidazole (pH 7.0); this procedure resulted in low background counts. The reaction was started by adding protein to the reaction mixture (which had been preincubated for 5 minutes at 37°C), and stopped by filtration; this was followed by a wash with 10 ml of 8% sucrose-40 mM imidazole. The reaction time was 10 minutes unless otherwise indicated. At this time, calcium accumulation was either increasing or at a plateau level. Filters were dissolved in 10 rrri of Bray's solution" and counted to at least 2% accuracy.
MATERIALS
Solutions were prepared from distilled deionized water and analytical grade reagents. Organic compounds were the highest purity available from Sigma; "CaCl, was obtained from Amersham-Searle; A23187 and X-537A, from Lilly and Hoffman-LaRoche, respectively. These calcium ionophores were dissolved in ethanol and added to the 1-ml reaction mixture in a volume of 10 n\.
DATA ANALYSIS
Values were compared by the Student's /-test, and differences with P values of 0.05 or less were considered significant. Standard errors of the means are bracketed in the figures except where the standard error is less than the symbol size, or where omitted for clarity.
Results
ENZYMATIC DETERMINATIONS AND ELECTRON MICROSCOPY
The mean systolic blood pressure of the spontaneously hypertensive rats used in this study was 190 ± 7.0 mm Hg (n = 36) vs. 125 ± 5.5 mm Hg for normal Wistar rats (n -36). The enzymatic activities of the fractions from rat ventricles are shown in Table I . The fractions designated plasma membrane were the lightest fractions from the gradient (at the 8%/28% interface) and exhibited the highest specific activity of plasma membrane marker enzymes (5'-nucleotidase; ouabain-sensitive, K + -stimulated phosphatase; and phosphodiesterase I). Specific activity of cytochrome c oxidase was lowest in these fractions. The value was only 3.6% of that in the mitochondrial-rich band obtained at the 33%/45% interface in six experiments which omitted the first centrifugation at 10,000 g. Subfractionation of the band at the 8%/28% interface using a gradient of 22% to 28% bands of sucrose did not yield any fractions with significantly higher specific activity of plasma membrane marker enzymes than the original fraction. Electron micrographs of the plasma membrane fraction were essentially the same as those previously published" for this fraction isolated by a similar procedure, and revealed the presence of membrane vesicles but no mitochondria or rough endoplasmic reticulum.
All denser fractions (e.g., 28%/38%) which exhibited lower activity of 5'-nucleotidase and ouabain-sensitive, K + -stimulated phosphatase were contaminated with broken mitochondria. Cardiac sarcoplasmic reticulum-enriched membrane was, therefore, prepared by differential centrifugation only. 17 This fraction, designated sarcoplasmic reticulum in Table 1 , showed relatively little contamination by plasma membrane when compared to all gradient fractions which, like this material, were low in mitochondrial contamination. The fraction designated mitochondria in Table 1 was isolated by differential centrifugation and exhibited even lower specific activities of plasma membrane enzymes than did the sarcoplasmic reticulum fraction ( Table 1 ). The only significant differences between the enzyme activities of fractions from normotensive and hypertensive rats was the greater ouabain-sensitive, K + -stimulated phosphatase (Table 1 ) of the hypertensive plasma membrane fraction.
The lightest protein band (8%/28% interface) from the sucrose gradient of aortas was found to exhibit the highest specific activity of plasma membrane marker enzymes ( Table 2 ). This fraction was designated plasma membrane. The protein band from the 28%/33% sucrose interface contained less plasma membrane than the 8%/28% interface fraction ( Table 2) . It was designated endoplasmic reticulum (ER) because, in relation to the lighter fraction, it was enriched in this membrane. Electron micrographs of these fractions were essentially the same as those published for the corresponding fractions from myometrium" except that pieces of collagen were occasionally seen in the fractions from preparations of aorta.
The yield of protein in the 1,000 g supernatant fraction from 12 rat aortas (1.2-1.4 g of tissue) was 10.5 ± 1.7 and 10.7 ± 1.8 ing (n -8 each) for normotensive and hypertensive rats, respectively. The plasma membrane and ER fractions contained only 2.7% and 1.4% of this protein.
The protein yield of these fractions could be doubled by increasing the homogenization time to 40 seconds, but this resulted in a marked decrease in the specific actvity of plasma membrane marker enzymes. Although the yield of these fractions was the same for both hypertensive and normotensive rats, the specific activities of their enzymes differed greatly (Table 2 ). Phosphodiesterase I and 5'nucleotidase activities were increased in the plasma membrane fraction from hypertensive rats, whereas Mg 2+ -ATPase and ouabain-sensitive, K + -stimulated phosphatase activities were similar to those from normotensive rats. No significant Ca 2+ -ATPase activity (in the presence of 1 ^M or 17 jiM free calcium) was detected in these fractions; the very high Mg J+ -ATPase activity would tend to mask any reasonable amount of Ca J+ -ATPase. 1.49 ± 0.29 (4) 1.26 ±0.26 (4) 0.46 ± 0.04 (5) 0.42 ± 0.05 (5) 0.16±0.13 (8) 0.17 ±0. 10 (8) 36.0 ± 3.0 (7) 32.2 ± 2.8 (7) 3.9 ±0.3 (7) 4.1 ±0.2 (7) Plasma membrane (8%/28%) 19 .5 ± 1.41 (9) 19.9 ± 1.82 (7) 5.6 ± 0.3 (7) 4.9 ± 0.5 (7) 2.01 ± 0.35 (8) 2.75 ±0.21* (8) 283 ± 7.1 (7) 294 ± 6.4 (7) 36.4 ± 2.5 (7) 34.5 ± 2.1 (7) Sarcoplasmtc reticulum (centnfugation) 5 .4 ± 1.20 (4) 4.4 ± 0.87 (4) 2.4 ± 0.4 (5) 2.2 ±0.3 (5) 0.80 ±0.15 (7) 1.13 ±0.10 (7) 75.8 ±5.2 (7) 74.5 ±4.3 (7) 9.2 ±0.6 (7) 8.8 ±0.5 (7) Mitochondria (centrifugation) 3 .50 ±0.91 (5) 2.79 ±0.87 (6) 0.67 ± 0.07 (4) 0.53 ± 0.08 (5) 0.10 ±0.16 (5) 0.15 ±0.04 (4) 
STUDIES ON CALCIUM ACCUMULATION
Calcium accumulation was increased in all fractions of ventricle by the addition of ATP to the reaction mixture but there was no difference between hypertensive and normotensive membranes in this regard (Table 3) . Plasma membrane and sarcoplasmic reticulum fractions exhibited a large increase in calcium accumulation in the presence of oxalate but no inhibiton by azide, whereas uptake by mitochondria was affected by azide but not oxalate. Subfractionation of the plasma membrane preparations using a gradient of 22% to 28% sucrose did not result in any fraction which exhibited increased plasma membrane marker enzyme activity and decreased oxalate stimulation, suggesting that ATP-dependent calcium transport is a property of rat ventricle plasma membrane. However, the lack of an unequivocal marker enzyme for cardiac sarcoplasmic reticulum makes it impossible to estimate the contribution by this membrane to the calcium accumulation of this fraction.
A study of the dependence of calcium accumulation on the calcium concentration ( Fig. 1 ) also failed to reveal a difference between the fractions from hypertensive and normotensive hearts. Other fractions from the sucrose gradient (at the 28% and 33% interface and within the 33% sucrose band) which were believed to be a mixture of plasma membrane and sarcoplasmic reticulum, also exhibited no difference between hypertensive and control fractions (not shown). Similarly there was no apparent difference between these fractions in the rate of calcium accumulation as estimated with a 30-second incubation time; for example, the hypertensive plasma membrane fraction bound 2.5 ± 1.3 Mmol/g whereas the normotensive bound 3.6 ± 1 . 1 ^mol of calcium/g of protein (n = 5 of each).
In contrast to heart fractions, preparations of aorta from spontaneously hypertensive rats showed a decreased calcium accumulation by the plasma membrane-enriched fraction in comparison to that found for normotensive rats ( Table 4 , Fig. 2 ). The lack of inhibition by azide indicates that this calcium accumulation is not attributable to mitochondria (Table 4 ). No significant increase in calcium uptake was found in the presence of oxalate. However, the divalent ion ionophores," A23187 and X-537A, markedly inhibited calcium accumulation. A study of the dependence of calcium accumulation on free calcium concentration demonstrates that the significant differences between hypertensive and normotensive fractions persisted at I ^M free calcium (Fig.  3 ).
Discussion
Enzymological and histochemical studies of arterioles, arteries and aortas of hypertensive animals report increased AMPase 1 "-" and increased alkaline phosphatase activities." " Therefore, the increased 5'-nucleotidase activities of plasma membrane-enriched fractions from SHR aortas observed in the present study (Table 2) were to be expected. It is interesting to note that similar increases in these enzymes were not seen in subcellular fractions from SHR heart (Table 1) , but were obtained in membrane fractions from mesenteric arteries (Wei, Janis, and Daniel, unpublished observation). The problem of interpreting results of studies of this type without knowing which strain of rat is the best control has been discussed previously;" however, the similarity between our results and those of other workers (cited above) who used different normotensive strains as well as different methodology suggests that the increased specific activities of phosphodiesterase I, as well as increased 5'-nucleotidase, represent real abnormalities associated with hypertension. We have found similar differences between our hypertensive arteries and those of two other normotensive strains (Wei, Janis, and Daniel, unpublished observation). The co-purification of these plasma membrane marker enzymes" with ouabain-sensitive, K + -phosphatase (Table 2) suggests that the increases in AMPase activities observed in histological studies 14 " are localized, in part, at the plasma membrane. However, the lack of a proven marker enzyme for endoplasmic reticulum of vascular smooth muscle makes it impossible to estimate the amount of these intracellular membranes in the plasma membraneenriched fractions. Previous investigations have reported that the earliest change found in hypertrophied and failing hearts is a decrease in the rate of calcium release, followed by a decreased rate of accumulation and a decreased total 
FIGURE 1 Effect of calcium concentration on calcium accumulation by fractions from ventricles of normotensive (open symbols) and spontaneously hypertensive (closed symbols) rats, a: Circles -plasma membrane-enriched; squares -sarcoplasmic reticulum. b: trianglesmilochondrial (n -5-6 for each value). Calcium accumulation was measured at the end of 10 minutes after incubation in the presence of 5 mM ATP.
amount of calcium taken u p . " Under the conditons of our experiments, little difference was seen between the calcium accumulation characteristics of the various fractions studied ( Table 3 , Fig. 1 ). After we completed our study, Aoki and co-workers" reported a small but significantly lower maximum calcium accumulation capacity of microsomes from SHR ventricles compared with normotensive ventricles (8.80 ± 0.33 vs. 11.95 ± 0.55 ^mol/g, n = 8-10). Their microsomes were prepared from younger rats than those used in our study, and calcium accumulation was determined in a reaction mixture different from ours. In sarcoplasmic reticulum fractions from SHR and normotensive rat ventricles at 3 months of age, in which accumulation of calcium at pH. 6.4 was determined, we found no significant differences between the two groups (17.8 ± 1.8 vs. 18.1 ± 2.1 ^mol/g protein per 10 minutes, n = 4).
The increased specific activities of 5'-nucleotidase and phosphodiesterase I in the plasma membrane-enriched fraction from SHR aortas ( Table 2) suggests that the lower calcium accumulation by this fraction (Table 4) is not the result of a greater contamination with nonmembranal protein. Furthermore, inhibition of ATP-dependent calcium accumulation by the ionophores X-537A and A23187 (Table  5 ) suggests that calcium is being transported across the vesicle membrane," since these ionophores should prevent development of a gradient of calcium across the membrane. However, there is some evidence that these ionophores may also act by inhibiting calcium binding." Presumably these vesicles are composed of "inside-out" plasma membrane, as are those of erythrocytes" which also exhibit ATP-dependent calcium transport. It should be noted that the magnitude of this calcium accumulation is similar to that reported for microsomal fractions from rabbit 12 and bovine aorta. 31 Since completion of our study, Aoki and co-workers 30 have reported that SHR microsomes prepared from vascular smooth muscle pooled from aorta and several arteries also exhibited a reduced calcium-accumulating capacity when compared with that of preparations from normotensive rats. 
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FIGURE 2 Time course of calcium accumulation by plasma membrane-enriched fractions from aortas of normotensive (open circles) and spontaneously hypertensive (closed circles) rats in the presence of 5 rnM A TP. Calcium accumulation in the absence of A TPfor this fraction from normotensive rats is also shown (x). The ATPindependent values for hypertensive rats (not shown) were not significantly different from those for normotensive rats (n -4 for each value).
A decreased ATP-dependent calcium transport of the SHR aortic membranes is consistent with the hypothesis that the slower rate of relaxation of the SHR aortas' is due to a decrease in the rate of ATP-dependent calcium efflux from the smooth muscle cell. It is not known whether the increased sensitivity of aortas from 6-month-old SHR to norepinephrine and potassium chloride is related to their slower rate of relaxation after contraction induced by potassium chloride, 5 but studies with aortas from renal hypertensive rats demonstrate that changes in relaxation rates are seen as soon as hypertension (BP =• 140-150 mm Hg) and vascular supersensitivity to postassium chloride develop. 34 Additional studies will be required to determine 
FIGURE 3 Effect of calcium concentration on calcium accumulation by plasma membrane-enriched fractions (circles), endoplasmic reticulum-ennched fractions (squares), and the 1,000 g supernatant fraction (triangles) from aortas of normotensive (open symbols) and spontaneously hypertensive (closed symbols) rats. Calcium accumulation was measured at the end of 10 minutes after incubation in the presence of 5 mu ATP. Asterisk indicates a significant difference from normotensive value (n = 5-8 for each value, except the plasma membrane fraction at 17 ^M free calcium, where n -20).
whether there are any causal relationships between the observed alterations in enzymatic and calcium-binding activities and hypertension.
There is some evidence suggesting that increased reactivity of vascular smooth muscle to excitatory agents cannot be explained entirely either by a decrease in the activity of processes that lower intracellular calcium activity or by an increase in the ratio of wall thickness to lumen size. 2 For example, the change in sensitivity to potassium chloride of aortas from 6-month-old SHR is much greater than that to norepinephrine, 5 and the change in sensitivity of perfused vasculature of SHR is greater to serotonin than to norepinephrine. 8 These results indicated that there are specific changes in membrane excitability that allow for differential changes in sensitivity to various excitatory agents; these alterations are in addition to any changes in calcium transport and in vascular geometry that would tend Values are expressed as in Table 3 , and the reaction mixture is the same except that ethanol, or ionopborci dissolved in ethanol, are added where indicated, n -4. VOL. 39, No. I, JULY 1976 to produce a similar degree of hyperreactivity to all excitatory agents.
